'ABSTRACT Dual beam flow cytometry of chromosomes stained with Hoechst 33258 and chromomycin A3 has been proposed as a method for quantitative classification of human chromosomes (bivariate flow.karyotyping). Inthis paper we investigate the sources and magnitudes ofvariability in the mean fluorescence intensities of each chromosome group resolved in bivariate flow karyotypes and study the-impact ofthis variability on chromosome classification. Replicate bivariate flow karyotypes of chromosomes isolated from lymphocytes from 11) individuals demonstrated that person-to-person variability was significantly greater than run-to-run variability. The total variability-was sufficiently small that it did not interfere with-classification of normal chromosome types except chromosomes 9 through 12 and chromosomes 14 and 15. Furthermore, the variability was .generally smaller than 1/600th of the mitotic genome, so that one-band rearrangements should be detectable in bivariate flow karyotypes.
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Recent advances in the use of flow cytometry for analyzing metaphase chromosomes suggest that this approach may be well suited for quantitative karyotyping ofhuman chromosomes (1, 2) . Conventional methods of karyotyping, based on visual analysis of banded metaphase chromosomes, have provided powerful tools for classifying individual chromosome types and for identifying chromosome rearrangements or aneuploidy associated with genetic disorders (3, 4) . However, quantitative interpretation of banded karyotypes can be limited by cell-to-cell variability, in chromosome condensation and staining characteristics. Thus, it may be difficult to determine whether a band is truly missing or simply-not visible in the preparation. The subjective nature of banded karyotype analysis also potentially complicates interlaboratory comparisons of the size -or staining characteristics of specific lesions or polymorphisms.
In flow cytometry, isolated chromosomes suspended in a fluorescent stain solution flow one at a time through a laser beam at rates of up to LOOO chromosomes per sec. The fluorescence signals resulting from laser excitation are measured for the chromosomes yielding a frequency distribution of chromosomal fluorescence. Flow cytometry has a number of advantages over -microscopic methods for quantitative analysis of-chromosomes. Chromosomes are suspended at thermodynamic equilibrium with the stain, thereby minimizing chromosome-to-chromosome staining variability. Because of the large number of chromosomes analyzed in each experiment, flow analysis provides high-precision population averages that are insensitive to cellto-cell variations in chromosome condensation. Stain combinations can be utilized to discriminate between chromosome types based on cytochemical staining characteristics and DNA content.
The utility of flow karyotyping for classifying normal chromosome types, quantitating polymorphisms, and detecting subtle chromosome rearrangments is determined by the measurement variability and by biological variability among normal individuals. In this study we use flow karyotypes of lymphocyte chromosomes from 10 phenotypically normal individuals to determine the magnitude of these sources of variability. A spectrofluorometric DNA assay (6) was used to adjust the DNA concentration to 200 ,uM (5 x 106 mitotic.cells per ml) prior to staining because the relative staining ofindividual chromosome types is affected by the dye-to-base-pair ratio in the final stained sample (7). The chromosome suspension was then mixed with a staining solution-of Hoechst 33258 and chromomycin A3 in dilute KCI to give a final stained suspension con- Table 1 , whereas the ellipses in Fig. 4 also include the correlation between these two variables.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
A typical bivariate flow karyotype of human lymphocyte chromosomes stained with Hoechst 33258/chromomycin A3 is shown in Fig. 1 . We have shown (7) that fluorescence differences between ANT-specific Hoechst and G-C-specific chromomycin are primarily determined by differences in base composition among chromosome types. Thus, in bivariate flow karyotypes, chromosome types are separately resolved based on differences in base composition and DNA content. The results in Fig. 1 demonstrate that all human chromosome types except chromosomes [9] [10] [11] [12] and chromosomes 14 and 15 can be separately resolved in the bivariate flow karyotype. Chromosomes 9-12 are sufficiently similar in DNA content and base composition that they cannot be separately resolved by this approach. Chromosomes 14 and 15 are separately resolved for many individuals (e.g., Fig. 1 ), but their staining properties are sufficiently variable among individuals that they are not clearly resolved for all individuals studied. Assignments of the chromosome types responsible for each peak in the flow karyotype based on flow sorting of fibroblast chromosomes (1) were confirmed by sorts of lymphocyte chromosomes from one of the individuals in this study (5) .
The precision of peak means determined from replicate experiments of 10 individuals analyzed in this study are reported in Table 1 . The average standard deviations within individuals (0.009 for Hoechst and 0.012 for chromomycin) calculated with data from all 10 individuals are comparable to the values obtained from four different preparations of the same individual analyzed at different times in the study (0.015 for Hoechst and 0.012 for chromomycin). Thus, the precision of peak means in the flow karyotype is on average 0.5% (standard deviation/ mean, from Table 1) , which is substantially better than the precision obtained by other methods for measurements on human chromosomes (9, 10) .
The standard deviation among individuals reported in Table  1 demonstrates that, for both fluorescence parameters, the variability among individuals is larger than the variability among replicate measurements on the same individual. Thus, the total variability in peak position is determined mostly by biological variability among individuals. Banding studies have demonstrated that some human chromosome types contain polymorphic regions that vary in size among individuals and vary between homologous chromosomes within an individual (10, 11). Fig. 2 shows that chromosome types known to contain major polymorphic regions show larger biological variability in Hoechst fluorescence than do other chromosome types. The largest variability in Hoechst fluorescence was seen in the Y chromosome, where the largest Y had 37% more Hoechst fluorescence than the smallest Y chromosome. The flow karyotypes in Fig. 3 show that individual homologs of polymorphic chromosomes can differ significantly in staining properties. Homolog differences are commonly observed (15 separately resolved homologs were observed in the 10 individuals studied), and the staining differences between homologs can be large (the two homologs of chromosome 21 in Fig. 3 differ in Hoechst intensity by 30%). The distribution ofhomolog differences among chromosome types reported in Fig. 2 is closely correlated with the distribution ofpolymorphic regions. Thus, flow karyotyping may facilitate quantitative studies of the distribution and heritability of polymorphic regions.
Polymorphic variations can introduce ambiguities in the classification of normal chromosome types. The univariate flow karyotypes in Fig. 3 demonstrate that Hoechst fluorescence alone does not provide sufficient information to determine the chromosome types responsible for each peak in the fluorescence distribution. Fig. 4 presents a statistical summary of the variability of peak means in the bivariate flow karyotype based on all analysis from the 10 individuals in the study. Each chromosome type is represented by a 95% tolerance ellipse that is expected (with probability 0.90) to contain 95% of the peak means for normal persons. There were no experiments where the peak position of one chromosome type occurred in regions ofthe distribution occupied by other chromosome types. Thus, with bivariate karyotyping, all normal chromosome types (or groups for chromosomes [9] [10] [11] [12] and 14 and 15) can be unambiguously classified solely on the basis of peak position in the distribution.
The sensitivity of quantitative karyotyping for detecting small chromosome aberrations also is determined by the nor- Chromomycin A3 FIG. 4 . Statistical summary of the total variability in peak means for all individuals in the study. Each chromosome type is shown as an ellipse that is expected to contain 95% of the peak means for that chromosome type (assuming both variables are normally distributed and including the correlation between the two variables). The cross shows the expected change in peak mean for the addition or deletion of fluorescence corresponding to one band from a chromosome (see text). mally occurring polymorphic variability. The ellipses in Fig. 4 provide an estimate ofthe minimum change in Hoechst or chromomycin fluorescence caused by a structural rearrangement that can be reliably distinguished from normal polymorphic variability. The cross on Fig. 4 shows the range over which a peak mean might be expected to vary if a chromosome were to increase or decrease in Hoechst or chromomycin fluorescence by the average fluorescence ofone band [the cross corresponds to ± 1/600th of the mitotic genome (10) ]. The observed widths ofthe ellipses are generally smaller than the width ofthe cross, indicating that a one-band change (loss or gain) could be detected. Although polymorphic variability for some chromosome types (i.e., chromosomes 21 and Y) can be larger than the loss or gain of one band, the unique cytochemical characteristics of polymorphic regions known from Q banding and C banding (11) may facilitate detection of aberrations involving these chromosome types. Intensity differences between separately resolved homologs were used to determine the staining characteristics ofpolymorphic regions with Hoechst and chromomycin. The results in Fig. 5 show that the Hoechst-to-chromomycin ratio is larger for most polymorphic regions than would be expected from chromosome rearrangements. Thus, the Hoechstto-chromomycin ratio ofvariant chromosomes may assist in differentiating between chromosome rearrangements and polymorphisms.
In summary, flow karyotyping provides an objective and quantitative method for classifying human chromosomes and characterizing chromosome polymorphisms. The total variability in peak means is sufficiently small that homogeneously occurring chromosome rearrangements that result in a net change in fluorescence ofloss or gain ofone band should be detectable. It is not possible to evaluate the sensitivity offlow karyotyping for detecting numerical abnormalities (aneuploidy) or nonhomogeneous abnormalities (mosaicism) by using results from the current fitting procedure, which neglects debris. However, improved fitting procedures should allow proper analysis of the debris continuum so that both numerical abnormalities and structural rearrangements can be detected.
